Objective: Glass carbomer cement represents a new generation of dental material, which mineralizes gradually into fluorapatite. The aim of this study was to evaluate the microleakage and marginal integrity of newly developed glass carbomer cement with and without protective surface coating (SC) in primary molars.
The conventional glass ionomer cement (GIC) has been advocated as a restorative material because of its ability to chemically bond to tooth structures 1,2 and release fluoride. 3, 4 With additional benefits of biocompatibility, 5 antibacterial effects, 4, 6 and the ability to remineralize hydroxyapatite crystals, 7, 8 conventional GIC has been well accepted in pediatric patients with high caries risk IntroductIon activity. 4, 9 However, conventional GICs also have a number of drawbacks that limit their indication for permanent restoration in primary teeth. In particular, GICs are advisable only in non-to-moderate stress bearing areas. 10 As such, class II conventional GIC restorations show significantly shorter longevity in primary molars compared to those restored with resin-modified GICs and compomers. 11 Marginal deficiencies, wear, and secondary caries are other considerations that jeopardize the longterm performance of GIC restorations in primary teeth. 12, 13 Resin-modified GIC and high-viscosity GICs have been developed in an attempt to overcome the inherent physical shortcomings of conventional GIC. Today, both restorative materials have been established in pediatric practice, and their favorable longevity as a permanent restoration in primary teeth have been demonstrated in several clinical studies. 14, 16 Recently, glass carbomer cement, a GICbased restorative material, has been introduced with claims of improved physical characteristics. This new material contains nanosized powder particles and fluorapatite as secondary filler. The reactive glass is treated with dialkyl siloxanes described in the European Patent 20040748628. The rationale for the addition of fluorapatite into the powder is based on previous work by Van Duinen et al, 17 who demonstrated the in vivo chemical transformation of glass ionomer into a fluorapatite-like material in primary teeth. The liquid of glass carbomer is polyacrylic acid. Similar to high-viscosity GICs, incorporation of nanosized filler particles into the glass carbomer cement may improve its compressive strength and wear resistance. As a final step, the manufacturer stipulates photopolymerization of this new material by using a number of light-curing sources with a high output range. Presumably, the initial setting of the glass carbomer with such units may increase the compressive strength of the material. Being a glass-ionomer based restorative, application of a surface protection may also aid in the improvement of surface characteristics and sealing properties of the glass carbomer cement.
Because there is no published data on the clinical use of glass carbomer cements, laboratory testing of the material may provide valuable insights into the physical properties of the material, particularly in primary teeth. Consequently, the aim of this study was to evaluate the microleakage and marginal integrity of the newly developed glass carbomer cement with and without protective surface coating in primary molars. The null hypothesis tested was 2-fold: (1) the microleakage and marginal integrity of glass carbomer cement was not influenced by the application of protective surface coating (SC), and (2) there was no difference between the sealing efficiency of glass carbomer cement, conventional GIC, and polyacid-modified resin composite in primary molars.
MAtErIALs And MEtHods

Specimen preparation
Non-carious human primary molars, extracted for orthodontic reasons, were used in the present study. Following surface debridement with a handscaling instrument and cleaning with a rubber cup and slurry of pumice, the teeth were examined at 20 X magnification under a dissecting microscope to discard those with any visible structural defects, cracks, or carious lesions. Selected teeth (n = 50) were stored at 4°C in 0.9% w/v NaCl for a maximum of 1 month. One operator prepared standardized class I cavities with an ISO #014 cylindrical diamond bur in a high-speed handpiece under copious water spray. No bevels were added at the preparation margins.
The teeth were randomly assigned into 5 groups (n = 10/each) with regard to filling material and/or presence of an SC:
Group 1: Conventional GIC (Ionofil U, VOCO, Cuxhaven, Germany) without an SC.
Group 2: Conventional GIC (Ionofil U, VOCO, Cuxhaven, Germany) with an SC (Heliobond, Ivoclar Vivadent, Schaan, Liechtenstein).
Group 3: Glass carbomer cement (Glass Carbomer Products, Leiden, Netherlands) without an SC.
Group 4: Glass carbomer cement (Glass Carbomer Products, Leiden, Netherlands) with an SC (Glass Carbomer Surface Gloss, Glass Carbomer Products, Leiden, Netherlands).
Group 5: Compomer (Dyract Extra, Dentsply, Konstanz, Germany) without an SC.
All the materials were handled and applied by 1 calibrated operator in strict accordance with the manufacturer's instructions. For the glass carbomer cement, photopolymerization of the surface gloss was accomplished using Elipar S10 LED Curing Light (3M ESPE, Seefeld, Germany), which European Journal of Dentistry is one of the proprietary high-energy light curing units recommended by the manufacturer. Heliobond and Dyract Extra were light cured using a quartz-tungsten-halogen curing unit (Optilux 501, Kerr; Danbury, CT, USA). After completion of restorative procedures, samples were stored in distilled water at 37°C for 24 h, and then subjected to thermocycling (2000×, in 5 ± 2°C to 55 ± 2°C with a dwell time of 15 s and a transfer time of 10 s).
Microleakage test and image analysis
The root apices were sealed with a sticky wax to prevent dye penetration. The samples were coated with 2 consecutive layers of nail varnish up to 1 mm from the restoration margins. Then, samples were immersed in 0.5% basic fuchsine solution (Wako Pure Chemical Industry, Osaka, Japan) for 24 h. Thereafter, samples were rinsed thoroughly under tap water, air dried, and embedded in a phenolic ring with epoxy resin (Struers, Copenhagen, Denmark). Three parallel longitudinal sections were made through the restorations 18 using a low-speed, water-cooled diamond saw (Isomet, Buehler, Lake Bluff, IL, U.S.A.) in the buccolingual direction.
For each specimen, the dye penetration along the buccal and lingual margins on each of the 3 sectioned surfaces was digitally photographed at 20× (1280 × 1024 resolution) under a stereomicroscope (Olympus, Tokyo, Japan) and transferred to a Macintosh PowerPC Workstation. On each section, the staining along the buccal and lingual restoration interfaces was measured separately (in mm) using image analysis software (Image J V1.34 for MacOSX, National Institutes of Health, Bethesda, Maryland). The microleakage value for each section was obtained by calculating the mean dye penetration along the buccal and lingual restoration margins. 19 Finally, the microleakage of each tooth specimen was recorded by calculating the mean microleakage values of the 3 sections.
Statistical Analysis
Statistical comparisons of the dye penetration values were made using Kruskal-Wallis and Conover's multiple comparison tests at P=.05.
rEsuLts
The microleakage values of the test groups are presented in Table 1 . All test materials exhibited dye penetration along the tooth-restoration interface. The greatest amount of dye leakage was observed in uncoated glass carbomer specimens (Conover's multiple comparison test, P<.05). This was followed by the uncoated glass ionomer group (Table 1 , P<.05). The dye penetration values of the coated glass ionomer were greater than those of the coated glass carbomer and compomer (Table  1) . However, there was no significant difference between the latter 3 groups (P>.05). The following statistical ranking was observed among microleakage values of the test materials (Conover's multiple comparison test, P=.05): uncoated glass carbomer > uncoated glass ionomer > coated glass ionomer ≈ coated glass carbomer ≈ compomer.
Representative micrographs depicting microleakage along the tooth-restoration interface are presented in Figure 1 . All the specimens of uncoated glass carbomer exhibited oblique and vertical ice crack-like lines that extend from the restoration surface toward the cavity floor ( Figures  1A and 1B) . Depending on the level of sectioning, some of those lines are presented as internal cracks. In some specimens, the crack ends at the occlusal surface even exhibited minute amounts of material loss ( Figure 1A ). Surface cracks were also evident in uncoated GIC specimens ( Figure  1C ), but to a lesser extent. Cehreli, Tirali, Yalcinkaya, Cehreli physical properties and marginal sealing of the restoration. 20 Thus, following the placement of GIC, surface protection must be provided to maintain the water balance of restorations for the first 24 h. 20 Among several surface coating agents tested to date (e.g., cocoa butter, waterproof varnish, and even nail varnish), 21, 23 light-polymerized resin adhesives have shown to provide an effective surface protection and improve marginal sealing. 24, 26 Heliobond is a mixture of bisphenol A-glycidyl methacrylate (Bis-GMA), triethylene glycoldimethacrylate (TEG-DMA), and photoinitiator and was used in the present study as a resin-based SC agent in the conventional GIC groups. As for the glass carbomer product, the manufacturer provides a patented carbon-silicon fluid (referred to as "Surface Gloss") to moisten the surface of the filling during modeling and to seal the restoration surface. 
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The present results indicate that the absence of surface protection results in significant reductions in the marginal sealing efficiency of both the conventional GIC and the glass carbomer cement, with the latter yielding the greatest amount of microleakage among the test groups. These results necessitate rejection of the 2-fold null hypothesis that sealing properties of glass carbomer cement would not be influenced by the absence of surface protection and that all test materials would exhibit a similar level of resistance against microleakage. Despite the lack of statistical significance, it should be noted that the sealed versions of both the conventional GIC and the glass carbomer cement showed higher values of dye penetration than the compomer material, which was only tested in an unsealed state as per the manufacturer's instructions. As with other resin-based filling materials, it can be assumed that surface protection would significantly increase the marginal sealing of the compomer. 27 In the present study, the marginal integrity of the glass ionomer and glass carbomer restorations was differentially affected in the absence of surface protection. Compared with the glass carbomer cement, the unsealed glass ionomer specimens exhibited minor surface cracks in the marginal and central regions of the restorations. In the glass carbomer group, catastrophic internal and surface crack lines, resembling ice cracks, were evident in all specimens. In addition to the microleakage along the cavity walls and the pulpal floor, dye penetration was also evident within the crack lines, suggesting the severity of the loss of integrity. Similar crack patterns, referred to as "fracture lines" have been recently reported in a laboratory study investigating the microleakage of glass-ionomer-based sealant materials. 28 In that study, the surface gloss was applied over the newly placed glass carbomer sealant, but thereafter, a special carving instrument was used to remove the excess material, which also might have removed some or most of the surface sealant before photopolymerization. Because the authors did not report placement of an additional layer of surface gloss after shaping and contouring, it is possible that the glass carbomer sealant, in its semi-sealed state, behaved like it did herein in its uncoated state. In the present study, the surface gloss was applied after the shaping/contouring step, and none of those specimens showed ice-crack lines within the hardened material.
The relationship between marginal leakage in restorations and the type of restorative materials has been extensively studied in both laboratory and clinical studies. In the absence of definitive clinical data, laboratory microleakage studies are a well-accepted method of screening the marginal sealing efficiency, and as a measure by which the performance of a restorative material can be predicted. Among different methods employed, measurement of dye penetration on sections of restored teeth is the most commonly used technique. 18 In the present study, 3 sections were made through each restoration to increase the reliability of measurements. 18 This technique was combined with an image analysis in order to obtain quantitative results instead of a conventional subjective scoring. A relative merit of this objective approach compared with a subjective scoring system was to discard the need for scoring by separate evaluators and for consensus scoring in borderline cases as well as statistical procedures with regard to interexaminer reliability. 19 In the coated restorations, the surface gloss used with the glass carbomer cement was more effective in its sealing ability as compared to the resin-based surface coating applied to the conventional GIC. Although the manufacturer does not provide detailed information regarding how the surface gloss acts, it is evident that its proprietary formulation provides some chemical interaction with the glass carbomer cement leading to better sealing properties on glass carbomer compared to that of the non-specific Heliobond sealant on the glass ionomer. While both restorative materials have common ingredients (e.g., glass), it is also interesting to observe the inferior sealing characteristics of the glass carbomer in its unsealed state, particularly in comparison with the uncoated GIC. Although a dye-penetration setup alone cannot explain the exact reasons for this finding, it may be speculated that the absence of the wetting effect of the glass carbomer surface gloss coupled with the dehydrating effect of the high-energy light-curing unit may have resulted in a rapid deterioration of the material surface and tooth-material interface, leading to increased levels of leakage. In this regard, further studies are also required to elucidate the physical changes in glass carbomer cement, especially when the protective surface gloss is lost over time. Unlike the latter 2 materials, a hydrophobic polymer network is formed immediately after photopolymerization of the compomer, which maintains the surface integrity and provides adequate resistance against leakage in the absence of surface protection.
concLusIons
Within the limitations of this in vitro study, the following conclusions were drawn:
(1) Surface protection should be added to glass carbomer restorations in primary teeth.
(2) Sealed glass carbomer cement yields similar sealing efficiency as with the sealed conventional GIC and unsealed compomer. 
